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Fig.1  Double link mechanism with variable mass load
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Fig.2  Angular velocity history
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Table 1  Properties of the material

Modulus ~ Density  Poisson’s
Structure Size/ m*
/ GPa /kgem™ ratio
Rod OA  0.4635%0.08x0.006 71 2700 0.3
Rod AB  0.575x0.06x0.006 71 2700 0.3
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Table 2 Parameters of the Servo motors

Inertia of mo- Stiffness

Servo motor

Mass /kg

ment / kg+m? /N+m-rad™
Motor O 3.26 0.0134 16000
Motor A 0.4 0.9e-4 16000
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Table 3 Natural frequencies of the structure with

different angles

fHz  6,=0°  6,=45°  6,,=90° 0,,=135° 6,=170°
£ 4.89 5.19 6.22 8.29 9.93
£ 232 19.81 15.51 13.19 12.58
£ 80.86 78.23 76.59 78.91 82.62
£ 147.95 14408 14101 14064 14151
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Table 4 Natural frequencies of the structure with

different payloads
fTHz m;=0.4kg m;=0.8kg m;=1.2kg m;=1.6kg m,;=2kg
fi 3.93 3.09 2.63 2.32 2.11
b 10.86 9.36 8.41 7.71 7.17
f 57.59 55.71 55.04 54.62 54.39
fu 119.25 118.12 117.5 117.1 116.82
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@ GivenM, K, Cand F, initialize d, d, d, choose time
step At, intergral constants a,, a,, a,, a,, a,, a;, a, a,

v

@ Calculate the effective stiffness :
K =K+a,M+a,C.K,=K+a,M+a;C
Trigonometric decomposition:
K=L,D\L", K,=L,D,L’,

v

® Solve the effective lpad at t+4¢/2: .
R1+Ar/2=Ft+At/2+M(a0dt+a1d1+a4dt)+c(aldt+dt)

@ Calculate the responses at t+4¢/2: L, D,L"d""*=R"""
dI+AI/2=a1(dP+Al/2_dt)_dt,dt+At/2=al(dt+At/2_dt)_dt

v

® Solve the effective load at r+4¢:
R:+A2:F:+A1+M(a5dr+m/z+ a6dt+a1dr+m/2+ a7dt)+c(a1dz+m/z+a7dt)

v

® Calculate the responses at t+At: Ly,D,L",d™=R""
d;+m=_a7“lt_a1d'c+m/2 +a3d't+m’ dI+At=_a7 d‘-al dﬁ»At/Z +a3 d:+m
€16  Bathe it
Fig.6 The flow chart of the Bathe’s method
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Fig.7  Acceleration response curves of the free end of the

system with a constant payload
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Fig.8 Acceleration response curves of the free end of the

system with a time-varying payload
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Fig.9 Control results for the system with constant payload
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A STUDY ON VIBRATION CONTROL OF DOUBLE-LINK
MANIPULATORS WITH VARIABLE MASS LOADS *

Ma Chicheng' Hu Shuaizhao' Gao Kunming' Zhang Chunlin® Guo Zonghe'’
(1.School of Transportation and Vehicle Engineering , Shandong University of Technology , Zibo 255000, China )
(2.College of Civil, Central South University of Forestry and Technology , Changsha 410004, China)

Abstract This paper focuses on the vibration feedback control of double-link manipulators with variable mass loads.
The time varying inertial force is calculated by rigid body dynamics, including the inertial force caused by the servo mo-
tor, the time-varying load mass at the end and the distributed mass of the rods. Based on the finite element theory, the
dynamical model of the double connecting rod-variable mass structure is established, and the dynamic equation of the
time-varying system is solved using the Bathe’s method, with the vibration signal of the end point being simulated. Ac-
cording to the responses, the influence of mass change on the dynamic characteristics of the system is analyzed, and the
load mass change affects the vibration amplitude of the system significantly. The main reason is that the mass change
causes an additional damping force. On the basis of dynamical analysis, a velocity proportional feedback controller is de-
signed to actively control the residual vibration using piezoelectric patches. Active vibration control of the structure un-
der various working conditions is carried out, including the case for mass-increasing loads and mass-decreasing loads,
taking into account the typical motion modes of the double-link. The results indicate that the residual vibration of the
structure can be effectively suppressed with feedback control, and the motion stability and positioning accuracy of the

manipulator can also be improved.

Key words double-link manipulator, time varying payload, feedback control, negative damping

Received 20 October 2019, revised 23 June 2020.
* The project supported by the National Natural Science Foundation of China (11702162) , Natural Science Foundation of Shandong Province
(ZR2020MA057), the School-City integration project of Zibo (2019ZBX(C288)

+ Corresponding author E-mail: guozonghe@sdut.edu.cn



